Abstract. An optical particle counter (OPC) is used in conjunction with lidar measurements to examine the characteristics of the particle size distribution in cirrus cloud in the tropical tropopause layer (TTL) over Thailand where the TTL is defined as the height at which temperature is lower than −75 • C in this paper. Of 11 OPC launches, cirrus cloud was detected at 10-15 km high on 7 occasions, cirrus was detected in the TTL in 6 cases, and simultaneous OPC and lidar measurements were made on two occasions. Comparison of lidar and OPC measurements reveal that the cloud heights of cirrus in the TTL varies by several hundred meters over distances of tens kilometers; hence the height is not always horizontally uniform. The mode radii of particles constituting the clouds are estimated by lidar and OPC measurements to be less than approximately 10 µm. The regression lines of the particle size distribution with and without cirrus cloud exhibit similar features at equivalent radii of <0.8 µm. Enhancement in the integrated number concentration at radii greater than 0.8 µm indicates that liquid particles tend to be Correspondence to: S. Iwasaki (iwasaki@nda.ac.jp) frozen at a radius of 0.8 µm, with cirrus clouds above 10 km exhibiting similar features. On the other hand, enhancement in the particle size distribution at radii greater than 0.9 µm and a peak at around 0.8 µm in the ratio of the standard deviation of count values to that of the Poisson distribution of the averaged count values are common features of cirrus clouds in the TTL, where the ratio shows the vertical homogeneity of the particle number. These typical features suggest that the transition from liquid, sulfuric acid aerosol, to ice is more observable in the TTL and the timing of freezing may vary with height in the TTL.
Abstract. An optical particle counter (OPC) is used in conjunction with lidar measurements to examine the characteristics of the particle size distribution in cirrus cloud in the tropical tropopause layer (TTL) over Thailand where the TTL is defined as the height at which temperature is lower than −75 • C in this paper. Of 11 OPC launches, cirrus cloud was detected at 10-15 km high on 7 occasions, cirrus was detected in the TTL in 6 cases, and simultaneous OPC and lidar measurements were made on two occasions. Comparison of lidar and OPC measurements reveal that the cloud heights of cirrus in the TTL varies by several hundred meters over distances of tens kilometers; hence the height is not always horizontally uniform. The mode radii of particles constituting the clouds are estimated by lidar and OPC measurements to be less than approximately 10 µm. The regression lines of the particle size distribution with and without cirrus cloud exhibit similar features at equivalent radii of <0.8 µm. Enhancement in the integrated number concentration at radii greater than 0.8 µm indicates that liquid particles tend to be Correspondence to: S. Iwasaki (iwasaki@nda.ac.jp) frozen at a radius of 0.8 µm, with cirrus clouds above 10 km exhibiting similar features. On the other hand, enhancement in the particle size distribution at radii greater than 0.9 µm and a peak at around 0.8 µm in the ratio of the standard deviation of count values to that of the Poisson distribution of the averaged count values are common features of cirrus clouds in the TTL, where the ratio shows the vertical homogeneity of the particle number. These typical features suggest that the transition from liquid, sulfuric acid aerosol, to ice is more observable in the TTL and the timing of freezing may vary with height in the TTL. Stratospheric Aerosol and Gas Experiment (SAGE II), Wang et al. (1996) showed the frequency of SVC occurrence can exceed 50% over the warm water pool. Winker and Trepte (1998) examined SVCs observed in the Lidar In-space Technology Experiment (LITE) mission and reported that the horizontal scale of the SVCs was approximately 500 km. The effects of SVCs have been studied by many researchers. Wang et al. (1996) also showed that SVCs significantly affect the radiation budget, and Eguchi and Shiotani (2004) reported that SVCs lead to the dehydration of air entering the stratosphere. Gettelman et al. (2004) reported on the basis of computations that water vapor is the most important contributor to the TTL radiation balance where the water vapor content is affected by the presence of SVCs. Therefore, SVCs are considered to play an important role in controlling radiation and water vapor content in the TTL. Historical and recent studies on SVCs are summarized in the work of Lynch et al. (2002, Chapter 12) and Hasebe et al. (2005) . Boehm and Verlinde (2000) was the first to report an analysis of SVCs on the basis of combined lidar and radiosonde data, and concluded that SVCs are generated by negative temperature anomalies induced by Kelvin waves. Comstock et al. (2002) analyzed the same data over 7 months, including the month analyzed by Boehm and Verlinde (2000) , and determined that high cirrus with a cloud base of greater than 15 km does not coincide with negative temperature anomalies as often as found by Boehm and Verlinde (2000) . Iwasaki et al. (2004) and Matsuura (2005) analyzed ship-borne lidar and radiosonde data and obtained similar findings to Comstock et al. (2002) . To evaluate these studies, extensive observations and analyses of SVCs using lidar and radiosonde instruments have been performed by many researchers. Jensen et al. (1996) and Jensen and Pfister (2004) investigated the SVC generation mechanism through calculations of cloud microphysics in the TTL using Lagrangian onedimensional models. Their results suggest that the injection of water vapor by deep convection is required to explain the observed humidity in the TTL.
To improve the numerical models of SVC generation and to validate computational results, observations of cloud condensation nuclei (CCN) and SVC particles are important. However, few studies have investigated aerosol and cloud particles at temperatures in the range of −80 • C in the tropics. Peter et al. (2003) examined the microphysics of ultrathin tropical tropopause clouds by airborne lidar observations and particle counter measurements over the Indian Ocean, and presented a summary of the cloud morphology. Kojima et al. (2004) reported the chemical components of aerosols in the TTL based on transmission electron microscopy (TEM) measurements. Both of these studies involved airborne measurements, which are expensive to conduct and are not suitable for measuring the vertical profiles of aerosol and cloud particles. In this study, a balloon-borne optical particle counter (OPC) is used to obtain more useful measurements, coupled with simultaneous lidar measurements. The measurement campaign was conducted from April to June 2003 in Thailand (17.2 • N, 99.9 • E).
The specifications of the OPCs and the lidar are described in Sect. 2. Our observational results are shown in Sect. 3 and discussed them in Sect. 4. Finally, we summarize the study in Sect. 5.
Instruments

Optical particle counter
The optical particle counter (OPC) employed in this study provides 8 channels of detection, corresponding to radii from 0.15 to 3.5 µm assuming spherical sulfuric acid particles, and counts particle number at each size. The data obtained are integrated number concentrations N (/m 3 ). Figure 1 shows a schematic diagram of the OPC instrument. Particles in the ambient air are guided by a pump through the beams of laser diodes transmitting at 780 nm. The detected light power I 0 C sca (W), where I 0 denotes the incident laser intensity (W/m 2 ) and C sca (m 2 ) is defined in Eq. (1), is detected by a photodiode via two lenses.
where and dC sca /d denote the solid angle (str) and the differential scattering cross section of a particle (m 2 /str), respectively, and the integral is implemented with scattering angle of 60 • and half solid angle of 39.2 • . The scattering at this angle is affected by less structural interference than other angles. The result, particle count value, is obtained from a look-up table of C sca and r. The table is pre-calculated by Mie theory assuming the particle whose refractive index is 1.4+i0 where it is corresponding to a sulfuric acid solution Table 3 ).
with 40 wt% concentration (Baumardner et al., 1996; Steele and Hamill, 1981) . The measurement errors due to irregularities in particle shape are calculated by the finite-difference time-domain (FDTD) method (e.g., Yang and Liou, 1995) as discussed in Appendix A. The minimum detectable N and the vertical resolution are approximately 1.5×10 4 /m 3 and 50 m in the TTL. The detailed OPC specifications are listed in Table 1 and presented in Hayashi et al. (1998) . Note that the integrated number concentration changes induced by impaction on a wall and inside heat of OPC are negligible for smaller than 5 µm in radius. This is because (1) the stokes number (Eqs. 14-11 in Pruppacher and Klett, 2003) in the OPC flow system is 1 for a particle with 5 µm in radius where a dimension of the stainless inlet tube is 4.5 mm in diameter and 5 cm in length and a flow rate of sample air is 3 m/s, and (2) shrink ratio of particle size is less than 0.01 for a particle with 0.5 µm in radius (details are not shown).
The all OPC are calibrated by using monodisperse polystyrene latex spherical particles (PSL) whose refractive index is 1.59+i0. We compared detected light power by 7 different sizes of the PSL particles from 0.127 to 2.5 µm in radius and theoretical values calculated by the Mie theory, and checked the observational error of the OPCs is less than 5% in each size. Then each threshold of each channel is set to be C sca of the spherical particle whose radius and refractive index are 0.15, 0.25, 0.42, 0.66, 0.97, 1.7, 2.5, 3.5 µm and 1.40+i0, respectively (see Appendix A, Fig. A1 ).
The size distribution dn/dr (number/µm/m 3 ) is derived by subtracting data on adjacent channels; e.g., dn/dr at 0.2 µm, from 0.15 µm and 0.25 µm channels, is calculated from the following equation.
As channel 8 of the OPC measures all particles larger than 3.5 µm radius, the maximum particle radius for the size distribution dn/dr| r=3.5−5.2 µm is assumed to be 5.2 µm. Therefore, the accuracy of dn/dr for the largest particle size is not known.
Note that smaller particles (<1 µm radius) are assumed as liquid particles, corresponding to the Junge layer, and particles detected on channel 8 are assumed to be ice particles, as explained in Appendix B. We do not assume that the other particles are either liquid or solid. Therefore, "particles" in this paper refer to both aerosols and cloud particles, as distinction between the two types is not possible with the present OPC. Consequently, in presenting OPC data, we have applied error bars to indicate this variation in size (see Appendix A).
Lidar
The lidar used in the present study is based on a Nd:YAG laser (wavelengths are 1064 nm and 532 nm) with both transmitted energy of 20 mJ per pulse at a pulse repetition frequency of 10 Hz. The lidar return signal is received by two photomultiplier tubes at 532 nm to determine the depolarization ratio and an avalanche photodiode at 1064 nm through a 20 cm telescope. The laser was configured to fire beams for 5 min then cool down for 10 min in order to prolong the life of the flashlamp that induces the laser pulse. Each datum was obtained as the average over 5 min. The vertical resolution of lidar measurements was set at 6 m. A range of temporal and vertical resolutions could be set on the laptop computer connected to the lidar instrument.
The lidar was able to detect backscattering coefficient by gas at altitudes of up to 14 km high on a clear day at 532 nm using the 5 min average over a length of 100 m, where the backscattering coefficient β (/m/str) is defined as Eq. (3). where C bk (r) denotes the backscattering cross section (m 2 ).The sensitivity of the instrument at 532 nm is therefore approximately 3×10 −7 /m/str. Due to noise at 1064 nm, we analyze backscattering coefficient at 532 nm (β(532)). To calibrate the data, the lidar return was fitted to β(532) calculated from the pressure and temperature measured by the OPC at heights of 10 km to 13 km without cloud below. Hence, the calibration corrects the attenuation below 10 km. The depolarization ratio was also fitted to the values estimated by the OPC at a height of approximately 4 km. Of the 11 OPC launches, TTL clouds were detected on 6 occasions, among which 4 detections were from late in May. As the lifetime of TTL cloud is typically less than 1 day due to its terminal velocity (Iwasaki et al., 2004, Fig. 3), each OPC detected different clouds. Therefore, TTL clouds are observed frequently in the vicinity of deep convective systems. (Fig. 3a) and lidar data are masked due to rain at 03:00-06:00 UT on 29 May (Fig. 3d) . Table 2 shows cloud heights measured by lidar are hundreds of meters higher than those measured by the OPC, probably due to spatial variation in cloud height as the OPC moves tens kilometers from the launch site by wind. Note that this height difference is not due to the instrumental error because lidar measurements of cloud heights below 15 km are not always higher than those recorded by the OPC; e.g., Fig. 4 shows vertical profiles of backscattering coefficient and accumulated particle number measured on 26 March; the cloud heights of which integrated number concentration measured by OPC is the maximum are higher than the heights whose β measured by lidar is the maximum at around 6.5 km, which implies that there is no height bias between OPC and lidar. In addition, Fig. 5 of Peter et al. (2003) and Fig. 7 of Martucci et al. (2006) show an air-borne lidar measurement that the TTL cloud height was also different about hundreds meter within tens km even though the cloud was geometrically thin cirrus. Therefore, TTL cloud height is not always horizontally uniform.
Comparison of lidar and OPC data
It is assumed for the present purposes that the cloud microphysics measured simultaneously by the lidar and OPC in the TTL are the same; hence, the microphysical values presented below are estimates. Because the cloud number concentration N cl is given by the OPC for particle radii greater than 3.3 µm, and β is given by lidar, the mode radius r g or standard deviation σ g of the particle size distribution can be obtained assuming the size distribution of cloud particles to be log-normal as follows.
Mie theory (Bohren and Huffman, 1998) is applied for the analysis and the reason is as follows: It is impossible at present to calculate the backscattering cross section from an irregularly shaped particle with size parameter (=2 πr/λ, radius r and wavelength λ) of greater than approximately 50 due to the limitations of computer power. Therefore, an approximation is required for the analysis. Iwasaki and Okamoto (2001) estimated backscattering on the basis of Kirchhoff's diffraction theory, and showed that the backscattering of 20 µm plate-like particles with horizontally random orientation is expected to be one order of magnitude larger than for spherical particles. However, as this orientation is rare, and randomly oriented particles produce similar signals as spheres. Assuming σ g of 1.6, the maximum r g is estimated to be 3.6 µm for the TTL clouds detected on 24 April, and 11.2 µm for 29 May, where N cl is 3.2×10 4 and 5.9×10 3 /m 3 , and β(532) is 2.4×10 −7 and 4.0×10 −7 /m/str in the TTL, respectively. Figure 5 shows the averaged integrated number concentration <N > obtained by OPC measurements. At first, we divided one OPC vertical number profile into the data at 10-15 km (a, b) and the height at which temperature is lower than −75 • C, H T <−75C , (c, d). We then divided the two profiles into the data with and without clouds. Therefore, e.g., 4 graphs are drawn from one launching on 1 June. −75 • C is used as an empirical value with which to distinguish between TTL cloud and usual cirrus clouds, such as anvil clouds. This is because there appears to be no temperature and height threshold at which TTL cloud appears. For example, Table 12.1 in Lynch et al. (2002) shows that TTL cloud appears from −40 • C to −90 • C. However, this temperature is not applicable as it is not possible to distinguish between TTL and anvil clouds in the tropics.
OPC results I: integrated number concentration
The error bars at equivalent radius r eq are calculated by the scattering of irregularly shaped particles and different refractive indices as explained in Appendix A and those at <N > are the standard deviation of Poisson distribution.
Without clouds (Figs. 5a and c) , <N > decreases monotonically with regression lines of 1.7×10 3 r −3.4 /m 3 (10-15 km) and 5.1×10 2 r −3.8 /m 3 (H T <−75C ), where the radius r is in micrometers. On the other hand, <N > with clouds (b, d) also decreases, but it departs from the <N > without clouds (a, c) at radii greater than approximately 0.8 µm, respectively; the regression lines are plotted to facilitate comparison in Figs. 5a, c and 5b, d . Therefore, the enhancement of integrated number is the common feature of a cloud at 10-15 km and H T <−75C . Figure 6 is the same as Fig. 5 but the averaged particle size distributions dn/dr. The regressions line of dn/dr for the vertical size profile of background aerosols (Figs. 6a, c) are 8.2×10 3 r −4.1 at 10-15 km high and 2.9×10 3 r −4.7 /m 3 at H T <−75C , respectively. Aerosols in the TTL are known to form the Junge layer, primarily consisting of sulfuric acid and ammonium sulfate solution (e.g., Hobbs, 2000; Kojima et al., 2004, Table 2 ). dn/dr from 10 to 15 km high and that in TTL (Figs. 6b and d) show that most dn/dr for smaller particles decreases monotonically, with the regression lines fitting up to 2.0 µm and 0.9 µm, respectively.
OPC results II: size distribution
Of the 7 OPCs detected between 10 km and 15 km, only one (1 June) involved an enhancement from 0.9 µm, while no particles at 2.9 µm were detected at 10-15 km on three occasions. Figure 6d shows 6 results for TTL clouds, of which 4 cases exhibit the enhancement from 0.9 µm (24 April, 30 May, 1 June, 4 June) while Fig. 6b shows 1 case exhibits the enhancement at 1.3 µm at 10-15 km high (29 May). Note that enhancements at 4.5 µm in Figs. 6b and d are not reliable because the values of dn/dr at 4.5 µm are not accurate (see Sect. 2.1). Therefore, the enhancement from 0.9 µm is a typical feature of the TTL cloud.
OPC results III: ratio of standard deviations of count value to Poisson distribution
Figure 7 is a ratio of σ (counts) and σ (Poisson), where σ (counts) denotes standard deviation of particle count values N raw , raw data of OPC, at each channel, and σ (Poisson) denotes that of the Poisson distribution, as defined in Eq. (5) in the case at H T <−75C .
In this case, we calculate two ratios by using one OPC data at 10-15 km (a, c) and at H T <−75C (b, d), and classified the ratios when cloud exist (b, d) or not (a, c), respectively. Therefore, e.g., one profile is divided into 2 graphs on 1 June. This ratio becomes one for a vertically homogeneous cloud, and represents a useful indicator of the vertical homogeneity of the particle number. Figure 7 shows that the ratio is lower in cases when no cloud was detected (a, c) than when cloud was present (b, d), respectively. Hence, the vertical profiles of background aerosols are relatively uniform. In addition, the average ratio Fig. 4 . Vertical profiles of backscattering coefficient, β (532) and β (gas), and integrated particle number, Ch.6, 7, and 8 of OPC, measured on 26 March. The cloud heights of which integrated number concentration is the maximum are higher than the heights whose β is the maximum at around 6.5 km; hence, cloud heights measured by lidar are not always higher than those by the OPC.
over the 10-15 km altitude (a, b) is greater than that in the TTL (c, d). This is because the variation of height is different, that is, 5 km depth in Figs. 7a, b and approximately 3 km depth in Figs. 7c, d , and because the ice nucleation in Fig. 7b is more active than that in Fig. 7d due to deep convection and higher temperature. In addition, there are peaks at around 0.8 µm when the TTL clouds exist (d) while there is no peak at 10-15 km high (b); hence, the peak is also a typical feature of the TTL cloud. Figure 5 shows that cirrus clouds at 10-15 km were detected on 7 OPC launches, and in 6 cases TTL clouds were detected. Since smaller particles (<1 µm radius) are liquid particles, corresponding to the known Junge layer, while particles larger than 3 µm in radius are ice particles (Appendix B), it is considered that liquid particles are frozen in the intermediate size range. Hayashi et al. (1998) showed that enhancement in the integrated number of particles on the largest channel (r>1.8 µm) indicates polar stratospheric clouds (PSCs) consisting of ice particles. By analogy with the PSC study, the results in Fig. 5 suggest that liquid particles tend to be frozen at approximately r>0.8 µm above 10 km high, and smaller liquid particles in TTL cloud are enable to be frozen compared with those in PSC. Figure 6 shows only once was an enhancement in the size distribution at 0.9 µm detected at 10-15 km, while in 4 cases the enhancement was observed in the TTL; hence this is a typical feature in TTL cloud. This result suggests that the speed of cloud growth below 15 km is much higher than that at H T <−75C , and the transition from liquid to ice is less observable since the mixing ratio is higher at warmer temperatures. For example, the growth times of ice particles in the 0.1-3 µm size range at −60 and −80 • C are 40 s and 13 min under a relative humidity with respect to ice (RHi) of 120% (see Appendix B). Once liquid particles are frozen, a gap forms in the size distribution due to the Bergeron-Findeisen process (e.g., Emanuel, 1994) ; This gap is observed at 1.9 or 2.9 µm on three launches at 10-15 km (27 March, 26 April, 29 May) and two launches in TTL (27 March, 24 April). Figure 7 shows the ratio of σ (counts) to σ (Poisson) for ice clouds is different from that in cloud-free cases where the ratio reflects the vertical homogeneity of the particle number concentration. Thus it is a good indicator of the presence of ice particles. In addition, this ratio has a peak at around 0.8 µm when the TTL clouds are present (Fig. 7d) , but not at heights of 10-15 km (Fig. 7b) . This characteristic is thus a typical feature of the TTL cloud. The non-uniformity implies that particles in this size range are actively frozen, so that the timing of freezing may vary with height in the TTL.
Discussion
Summary
A total of 11 OPC launches were conducted in Thailand from May to June 2003. On 6 occasions, cirrus clouds were detected in the tropical tropopause layer, 4 of which were detected around deep convection; TTL clouds were observed frequently in the vicinity of deep convective systems. The particle sizes measured by the OPC were re-calculated by the FDTD method in order to account for observation error induced by irregularly shaped particles and different refractive indexes. Lidar observations were conducted simultaneously, and comparison of the lidar cloud heights with the OPC results indicates that the TTL cloud heights varies by several hundred meters over distances of tens kilometers; hence the height is not horizontally uniform, despite the huge horizontal scale (∼500 km; Winker and Trepte, 1998) and geometrical thinness of such clouds. The mode radius of particles in clouds was estimated to be less than approximately 10 µm on the basis of both OPC and lidar data. For example, the maximum mode radii for clouds detected on 24 April and 29 May are estimated to be 3.6 µm and 11.2 µm assuming a standard deviation as 1.6 µm.
Enhancements in the integrated number concentration greater than around 0.8 µm are common feature of cloud above 10 km high, while an enhancements in the particle size distribution at 0.9 µm and the peak of σ (counts)/σ (Poisson) at around 0.8 µm are typical feature in TTL cloud.
As these features are common and particular to cirrus clouds, the characteristic size distributions for particle radii of 0.5-3.0 µm obtained in this study should also be seen in ice nucleation studies and computer simulations of TTL clouds. The present study thus yields some interesting results pertaining to ice nucleation, and demonstrates that OPCs are effective for observing both aerosols and the generation mechanism of cirrus clouds in the TTL. A comparison of OPC data with a model which includes particle size distribution will be presented as part of future validation of the present results.
Appendix A Size error in OPC data
The OPC counts particle number at each size when C sca measured by a photo diode (see Fig. 1 ) is greater than each threshold as shown in Fig. A1 , where C sca is proportional to detected light power and calculated by Mie theory and the FDTD method (e.g., Yang and Liou 1995); e.g., channel 1 counts particles when C sca is greater than 0.002 µm 2 and channel 2 counts when it is greater than 0.004 µm 2 . The size error introduced by the various irregularly shaped particles and the difference in refractive index is estimated as follows.
Four shapes of particles are examined. In Fig. A1 , "Sphere" denotes spherical particles with refractive indexes of 1.4+i0 and 1.3+i0, corresponding to sulfuric acid solution with 40 wt% concentration (Baumardner et al., 1996; Steele and Hamill, 1981) and water ice (Warren, 1984) , respectively. Model A denotes an 8-hexagonal aggregate defined in Yang and Liou (1998) , model B is the same but with all distances of barycenters half that of model A, as defined in Ishimoto and Kobayashi (2006) , and model C denotes a hexagonal column with aspect ratio of 1.7, where the aspect ratio is defined as 2R/L with R and L being the lengths of one side of the hexagon and the column. Each irregularly shaped particle is randomly oriented and the refractive index is set to that of water ice. Ishimoto and Kobayashi (2006) showed that scattering by model A is similar to the average scattering by individual hexagonal columns of the aggregate, while scattering by model B contains lots of interference of scattering by 8 hexagonal columns. That is, models A and B not only show the scattering by themselves but also represent the average scattering related to variously shaped hexagonal columns (model A) and complex-shaped particles (model B). Fig. A1 . Radius threshold in OPC. r eq denotes the equivalent radius defined as (3V /4π) 1/3 where V is particle volume. C sca is proportional to detected light power (Eq. 1). Each curve is calculated by Mie theory and the FDTD method. OPC counts particle number at each size (channel) when detected C sca is greater than each threshold, where channel numbers are shown in right hand side; e.g., channel 1 counts a particle when C sca is greater than 0.002 µm 2 .
To obtain modified r and the error bars in r, we average radius at each channel and calculate the standard deviations as summarized in Table 3 . Moreover, since there are error bars in each radius, dn/dr also has error bars. To determine modified dn/dr and its error bar, we average each dn/dr and the standard deviations.
Appendix B Growth rates of liquid and ice
The liquid and ice particle growth rates are calculated by the following equations, where r w and r i denote the radii of liquid and ice particles and t denotes time. All symbols are the same as those described in the Appendix of Spice et al. (1999) . (B1) Figure B1 shows the growth rate for sulfuric acid solution (liquid) and water ice particles of radius 0.1-3 µm at −80 • C, where we assume the particle phase (liquid or ice) does not change. The molalities (number of moles of dissociated solute per unit mass of solvent) of sulfuric acid solution (liquid) Fig. B1 . Growth time for particles of radii 0.1-3 µm at −80 • C where RHi and ambient temperature are assumed to be constant. The dashed curves denote sulfuric acid solution (liquid) whose molalities are 0.1 and 10, respectively, and the solid one denotes water ice. The graphs show liquid particles of the Junge layer cannot grow up to 3 µm without freezing since the condition of RHi>195 % is not realistic; hence, particles with 3 µm must be ice particles.
are 0.1 and 10, respectively. Because RHi and the ambient temperature are assumed to be constants, the graph shows the fastest growing rates. From Fig. B1 , liquid particles can grow when RHi is greater than 195%, since the relative humidity with respect to water RHw is lower than RHi. The results for (NH 4 ) 2 SO 4 solution also show similar results (data not shown). However, the value is not realistic (e.g., Jensen et al., 2001, Fig. 5) . Hence, liquid particles of the Junge layer, cannot grow up to 3 µm without freezing, indicating that such large particles must be ice particles.
